Aircraft wings are the lifting surfaces with the chosen aerofoil sections. The efficiency as well as the performance of an aircraft mostly depends on the aerodynamic characteristics e.g. lift, drag, lift to drag ratio, etc of wings. Besides many factors, the effects of wing shape are also crucial to aircraft performance. This paper represents the experimental investigation to explore better aerodynamic performance by incorporating curvature at the leading edge of a wing. A wooden model with straight leading and trailing edge i.e. rectangular planform and another model with curved leading edge and straight trailing edge are prepared with NACA 4412 aerofoil in equal length (span) and surface area. Both the models are tested in a closed circuit wind tunnel at air speed of 85.35 kph (0.07 Mach) i.e. at Reynold's number 1.82 x 10 5 . The static pressure at different angles of attack (-4˚, 0˚, 4˚, 8˚, 12˚, 16˚, 20˚ & 24˚) are measured from both upper and lower surfaces of the wing models through different pressure tapings by using a multi-tube water manometer. From the static pressure distribution, lift coefficient, drag coefficient and lift to drag ratio of both the models are analyzed. After analyzing the data, it is found that the curved leading edge wing planform is having higher lift coefficient and lower drag coefficient than the rectangular wing planform. Thus, the curved leading edge planform is having higher lift to drag ratio than the rectangular planform.
Introduction
Similar to a bird's wing, an aircraft wing is the lifting surface with the chosen aerofoil section, whose shape/geometry can be varied span wise to search better performance. The lift generated by the wing sustains the weight of the aircraft to make flight in the air. Again, from an aerodynamic perspective, the main source of the airplane drag is associated with the wing. Around two-thirds of the total drag of typical transport aircraft at cruise conditions is produced by the wing [1] . Therefore, the effects of wing shape and size are crucial to aerodynamic characteristics (lift, drag, lift to drag ratio, etc) on which the efficiency as well as the performance of aircraft depend. As such, researches on different wing shapes/geometries are still on throughout the world to explore the maximum possible lift and minimum possible drag. Hossain et al. [2] conducted an experimental analysis for the aerodynamic characteristics of rectangular wing with and without bird feather like winglets for different Reynolds Number. The experimental result shows 25~30% reduction in drag coefficient and 10~20% increase in lift coefficient by using bird feather like winglet at 8 degree angle of attack. Dwivedi et al. [3] adopted a simple approach for experiment on aerodynamic static stability analysis of different types of wing shapes. They tested the reduced scale size wings of different shapes like rectangular, rectangular with curved tip, tapered, tapered with curved tip, etc. in low speed subsonic wind tunnel at different air speeds and different angles of attack. The authors found that the tapered wing with curved tip was the most stable at different speeds and ranges of working angles of attack. Mineck et al. [4] tested three planar, untwisted wings with the same elliptical chord but with different curvatures of the quarter-chord line. They found that the elliptical wing with the unswept quarter-chord line has the lowest lifting efficiency, the elliptical wing with the unswept trailing edge has the highest lifting efficiency and the crescent-shaped wing has efficiency in between. Recktenwald [5] tested a circular planform non-spinning body with an airfoil section configuration developed and produced by Geobat Flying Saucer Aviation Inc. in the Auburn University wind tunnel facility. For comparison purpose, a Cessna 172 model was also tested. The author found that the lift curve slope of the Geobat was less than that of Cessna 172 but displayed better stall characteristics. Wakayama [6] studied and presented basic results from wing planform optimization for minimum drag with constraints on structural weight and maximum lift. Moreover, aerodynamic characteristics analysis for different airfoils have also been conducted at different corners of the world like Mahmud [7] analyzed the effectiveness of an airfoil with bi-camber surface, Kandwal et al. [8] studied the fluid flow and aerodynamic forces on an airfoil, Robert [9] studied the variation of pressure distribution over an airfoil with Reynold's Number, Sharma [10] analyzed the flow behavior around an airfoil body, etc.
Researches on different airfoils and conventional wing geometries like rectangular, sweepback, tapered or, delta shapes have been carried out in many places around the world in an extensive way. But aerodynamic characteristics of curved-edge wing geometries are yet to be explored. As such, the proposed experimental investigation is carried out in the wind tunnel to explore aerodynamic characteristics of curved leading edge wing. Similar characteristics of a rectangular wing of equal span and surface area are also investigated in the same way for reference. At the end, the characteristics of the curved leading edge wing are compared with that of the rectangular wing.
Free stream velocity of air in the wind tunnel P ∞ Free stream pressure
Design and construction
The aerodynamic characteristics (C L , C D and L/D) can be calculated from the surface pressure distribution of the wing [11] . To obtain the pressure distribution over the surfaces, wooden wing models are prepared with a specific aerofoil, suitable fixture is prepared to set the models in the wind tunnel and a multi-tube manometer is fabricated to take the pressure readings from the surfaces of the wing models.
Wing models
Using NACA 4412 aerofoil, wooden models for rectangular wing and curved leading edge wing are prepared having the same span (245 mm) and equal surface area (31115 mm 2 ). Each model is provided with 32 pressure tapings along the span and chord (16 at upper surface & 16 at lower surface). Along the span the wings are divided into 4 equal segments (61.25 mm). For rectangular wing, the chord length is same (127 mm) for all the four segments but for the curved leading edge wing, the average chord length is different for different segments along the span (for segment A-152.4 mm, for segment B-140 mm, for segment C-110 mm and for segment D-101.6 mm). 4 pressure tapping points at upper surface and 4 pressure tapping points at lower surface are made at 20%, 40%, 60% and 80% of the average chord length of each segment of both the wings as shown in Fig. 1 . The multi-tube manometer mainly consists of a water tank and 36 manometer glass tubes connected to the tapping points in wing model surfaces. The water tank is used to store the distilled water. Each limb is fitted with a scale graduated in mm to measure the difference of water height. The static pressure is calculated from the difference in water height. a.
b. 
Fixture for altering AOA
A fixture is fabricated and fixed in the test section of the wind tunnel as shown in Fig. 2 . The fixture facilitates the wing models to rotate and fix at any angle of attack. The wing models are tested at AOA from -4˚ to 24˚ with a step of 4˚. Each model is rotated and fixed at the desired angle by seeing the preset scales (in degrees) pasted on the frame.
Experimental method

Experimental setup
The experiment is carried out in a 700mm×700mm closed circuit wind tunnel as shown in Fig. 2 available at turbulence laboratory of Department of Mechanical Engineering, BUET. The wind speed is created by the two 700mm counter rotating fans. At the discharge of the fans there is a silencer to reduce the sound level. From the silencer air flow passes through the flow controlling butterfly valve, diffuser and the plenum chamber to stabilize the flow to certain level. The fan motors are powered by 400V-3Φ-50Hz power supply through motor speed controller. Thus the wind speed in the tunnel can be varied both by controlling the fan motor speed as well as by controlling the butterfly valve. To facilitate the present experiment in the open air condition the diffuser at the end of the test section is taken out and the discharge side of the test section is fitted with a 700mm×700mm discharge duct and a 1000mm×1000mm to 762mm×762mm bell mouth entry is added at the return duct to have smooth entry. Thus the 406 mm open flow field created between the discharge duct and bell mouth entry become the experimental space where desire velocity is obtained. a.
b.
Fig. 2. (a) Wind tunnel at BUET's Turbulence laboratory (b) Experimental set-up
Test conditions and procedures
All the experimental data were taken at room temperature of 35˚C and at air speed of 23.71 m/s (85.35 kph) and the air flow was considered incompressible throughout the experiment. The static pressure at different AOA (-4˚, 0˚, 4˚, 8˚, 12˚, 16˚, 20˚ & 24˚) are measured from both upper and lower surfaces of the wing models through different pressure tapings by using a multi-tube water manometer. Specific density of both air and water corresponding to room temperature was assumed to be 1.145 kg/m 3 and 994 kg/m 3 respectively.
Mathematical modeling
Surface pressure coefficient, C p can be calculated from the static pressure by the following formula [12] . An integration of a pressure distribution over an airfoil chord for both upper and lower surfaces is known to provide normal and axial force acting on an airfoil section when shear stress due to viscous effect is neglected [11, 13] . 
When the notation l is for the lower surface and u is for the upper surface. The known pressure coefficients from the experiment can be calculated for the normal and axial force by using a numerical integration of the above equations in the Trapezoidal approximating forms. Both surfaces are divided into small panels corresponding to a total of gaps between each pressure tap location. When n is a number of panels, the equations can be converted to:
Results and discussions
Surface pressure distribution
Pressure coefficient for each tapping point (at 20%, 40%, 60% & 80% of chord) is determined from the measured surface static pressure and the pressure coefficient of the intermediate points (at 10%, 30%, 50%, 70% & 90% of chord) are approximated through linear interpolation/extrapolation from the measured boundary values. In  Fig. 4 , distribution of surface pressure coefficient at 0˚ AOA is shown for each of the four segments of both the rectangular and the curved leading edge wing. Similarly, in Fig. 5 , distribution of surface pressure coefficient at 12˚ AOA is shown. From both the figures it is observed that the difference between the upper and lower surface pressure coefficients at 12˚ AOA is higher than those at 0˚ AOA. From Fig. 4 , it is observed that the difference between upper and lower surface pressure coefficient near the root of the wing (i.e. at segment A) is lower for the curved leading edge wing than that of the rectangular wing. But near the tip of the wing (i.e. at segment D), the said difference is almost equal. However, at the middle of the wing (segment B & C), the difference is higher for the curved leading edge wing than the rectangular wing. In 
Lift characteristics
Variation of lift coefficient at different angle of attack for both the wings is shown in Fig. 6 . It is observed that the lift coefficient for curved leading edge wing is higher than the lift coefficient of rectangular wing at every angle of attack. However, greater values of lift coefficient are observed at -4˚, 0˚ and 8˚ angle of attack. Critical angle of attack for both the wings remains within the same range of 12˚~16˚. 
Drag characteristics
In Fig. 7 , the variation of drag coefficient for both the wings are plotted against different angles of attack and it is observed that the values of drag coefficient for curved leading edge wing is lower than that of the rectangular wing. Prominent reduction in drag coefficient values for curved leading edge wing is found at -4˚ and 12˚ angle of attack. 
Lift to drag ratio
The values of lift to drag ratio are plotted for various angles of attack in Fig. 8 and it shows that the lift to drag ratio of curved leading edge wing is higher than that of the rectangular wing. It is also observed that curved leading edge planform can provide higher lift to drag ratio than the rectangular planform at angles of attack below 12˚. 
Conclusion
In this experiment, curvature is incorporated at the leading edge in such a way that the surface area from the middle of the wing towards the root increases and towards the tip the area decreases in the same rate. The overall surface area of the wing remains same as of the rectangular planform. As a result, the wing can produce more lift due to increased surface area near the root. At the same time, flow separation along the span of the wing is reduced due to gradual reduction of chord length along the span and so the drag is also reduced. From the analysis of experimental data it is observed that the lift coefficient of the curved leading edge planform increases and the drag coefficient decreases at angles of attack below 12˚ in comparison to the rectangular planform; whereas critical angle of attack does not vary significantly between the two planforms. Beyond critical angle of attack, values of lift and drag coefficients are almost equal. As such, it can be concluded that the curved leading edge planform exhibits better aerodynamic performance than the rectangular planform due to higher lift to drag ratio at angles of attack below the critical angle of attack.
